Background: How voltage and temperature sensors are coupled to channel opening in transient receptor potential melastatin 8 (TRPM8) is still under debate.
Expressed in somatosensory neurons of the dorsal root and trigeminal ganglion, the transient receptor potential melastatin 8 (TRPM8) channel is a Ca 2؉ -permeable cation channel activated by cold, voltage, phosphatidylinositol 4,5-bisphosphate, and menthol. Although TRPM8 channel gating has been characterized at the single channel and macroscopic current levels, there is currently no consensus regarding the extent to which temperature and voltage sensors couple to the conduction gate. In this study, we extended the range of voltages where TRPM8induced ionic currents were measured and made careful measurements of the maximum open probability the channel can attain at different temperatures by means of fluctuation analysis. The first direct measurements of TRPM8 channel temperature-driven conformational rearrangements provided here suggest that temperature alone is able to open the channel and that the opening reaction is voltage-independent. Voltage is a partial activator of TRPM8 channels, because absolute open probability values measured with fully activated voltage sensors are less than 1, and they decrease as temperature rises. By unveiling the fast temperature-dependent deactivation process, we show that TRPM8 channel deactivation is well described by a double exponential time course. The fast and slow deactivation processes are temperature-dependent with enthalpy changes of 27.2 and 30.8 kcal mol ؊1 . The overall Q 10 for the closing reaction is about 33. A three-tiered allosteric model containing four voltage sensors and four temperature sensors can account for the complex deactivation kinetics and coupling between voltage and temperature sensor activation and channel opening.
The transient receptor potential melastatin 8 (TRPM8) 5 is a cold-activated channel that behaves as a polymodal receptor, which is also activated by depolarizing voltages and by compounds such as menthol, icilin, and phosphatidylinositol 4,5bisphosphate (1) (2) (3) (4) (5) (6) (7) (8) . TRPM8 channel gating, as well as that for the TRPV1 heat receptor, has been well studied, and there is a consensus that temperature sensitivity in these channels results from large negative enthalpy change (⌬H C3O ) occurring during gating. This is compensated for by a large entropic change that leads the free energy change associated with closing/opening to proximate zero at the temperature range where TRPV1 or TRPM8 act as thermally activated channels (2, 9 -11) . Under the assumption that different structures in the channel-forming protein play the role of temperature and voltage sensors coupled to pore opening, allosteric models were used to explain the gating behavior of TRPV1, TRPM8, and TRPA1 (2, (12) (13) (14) (15) . Temperature and voltage drive transitions between resting and active states in these sensors. It is important to mention here that we cannot currently discard the possibility that temperature dependence in thermoTRP channels resides in the nature of the coupling constants that define the allosteric model (16) . For example, it is possible to assume that the allosteric factor describing the interaction between temperature-sensor activation and pore opening in the allosteric model would be the temperature-dependent parameter. At present, neither the temperature nor the voltage sensor has been unequivocally identified, but there is evidence that they reside in different channel molecular structures. C-terminal deletion mutants of TRPV1 (17) and C-terminal chimeric constructs between TRPV1 and TRPM8 (2) have shown that it is possible to completely obliterate channel temperature dependence without affecting voltage dependence (18) . However, it has been found that point mutations in the vicinity of the pore region greatly decreased TRPV1 temperature sensitivity without affecting its activation by depolarizing voltages. The molecular determinants of temperature sensing in TRPV1 have also been located in the N-terminal domain (19) and in the pore turret (20) . When TRPV1 amino acid residues from the pore turret are replaced with an artificial sequence, temperature response is suppressed. This replacement, however, has not been observed to modify channel activation by capsaicin or depolarizing voltages (12, 20) . These results support the idea that temperature activation in thermoTRPs depends on temperature sensors, which can be thought to be discrete structural modules within the channel structure.
Previous experiments have shown that voltage is a partial activator of TRPM8 and that the half-activation voltage (V 0.5 ) saturates at extreme temperatures, which suggests a lack of strict coupling between TRPM8 voltage and temperature activation (2, 13, 14) . These results have been explained on the basis of an allosteric model with separate voltage and temperature sensors, which upon activation promote the opening of the pore domain independently from one another. However, this type of model has been criticized (10) in terms of the following: (a) inaccuracy in determining the maximum open probability (P o, max ); (b) very rapid TPRM8 channel deactivation at negative voltages, leading to an underestimation of the open probability (P o ) from tail currents; and (c) voltage clamp errors. All these problems have been addressed in this study by carefully determining the P o, max through noise analysis (21, 22) , measuring tail current at positive voltages, and extending the voltage range up to 500 mV to ensure saturation of the P o (V) curves. In agreement with the allosteric model prediction, we found that the lnP o (V) curve slope decreases at very large negative voltages and becomes voltage-independent at the limit of very large negative voltages. Our results indicate the following: (a) the channel can open when all voltage and temperature sensors are in the resting state; (b) temperature alone can activate TPM8 channels. P o increases 14-fold at Ϫ200 mV in response to a temperature drop from 25 to 15°C, strongly suggesting that temperature affects channel opening through a pathway that does not involve voltage sensor activation. (c) Voltage behaves as a partial activator of TRPM8 channels at very high temperatures thus confirming the voltage independence of the closeopen transition. The P o (V) curve obtained at 30°C saturates at a P o, max ϭ 0.55. (d) We show here that voltage-dependent transitions between closed states have very small temperature dependence. These results rule out the possibility that both temperature and voltage sensors move as a single molecular entity.
EXPERIMENTAL PROCEDURES
Molecular Biology-cDNA coding for rat TRPM8 (provided by David Julius, University of California at San Francisco; GenBank TM accession number NM_134371) was used. TRPM8-cDNA was subcloned into a pBSTA vector using the restriction enzymes NotI and KpnI (New England Biolabs) and was introduced into DH5␣-competent cells. One g of cDNA linearized with NotI was placed in a standard in vitro transcription reaction by using a T7 mMessagemMachine kit (Ambion, Austin, TX). The quantity and purity of the extracted RNA were determined by measuring absorbance at 260 nm. The integrity and size range of total purified RNA were checked by denaturing agarose gel electrophoresis (0.7%) and ethidium bromide staining.
Electrophysiology-Xenopus laevis oocytes were injected with 50 nl of water (control) or 50 nl of mRNA (0.05 ng/nl) and were then maintained at 18°C in ND96 medium, which ensured 90% survival. Currents elicited by TRPM8 channels were recorded using the patch clamp technique on the cellattached configuration (23) with an Axopatch 200B amplifier (Axon Instruments, Foster City, CA) 2-5 days after mRNA injection and after manual removal of the vitelline membrane. Patch pipettes were pulled in a horizontal pipette puller (Sutter Instruments) from borosilicate glass capillaries (World Precision Instruments, Sarasota, FL), and pipette tips were fire-polished by a heating filament under a microscope to promote high resistance seal formation. TRPM8 was recorded in cell-attached macropatches of oocyte membranes (0.4 -1 megohm pipette resistance and 10 -20-m tip diameter) (24) , which enabled us to obtain low noise levels and fast clamp patch recordings of many channels that could not be obtained by using other expression systems. Macroscopic current was filtered with an 8-pole low pass Bessel filter (900C9L8L, Frequency Devices, Haverhill, MA) at 20 or 40 kHz and digitized at a rate of 200 kHz by an NI-PCI-6014 Card (National Instruments). Data analysis was performed with the analysis application program (25) , which was kindly provided by Dr. Francisco Bezanilla (University of Chicago) and the Clampfit 9 software (Axon Instruments). Curve fitting was made using either Solver complement of Microsoft Excel 2010 or Regression Wizard of SigmaPlot 10.
Temperature Control-The recording chamber consisted of a glazed aluminum block, which was located above a Peltier element. In turn, a heat sink made of bronze was located under this element, which was cooled or heated by water circulation. Temperature feedback signal was obtained by using a miniature thermistor located in the recording chamber, allowing us to measure the temperature of the bath. This temperature reading was compared with the set temperature, so that the proportional-integral-differential controller would deliver or remove heat to and from the system. Temperature was maintained at the set value Ϯ0.2°C. Temperature was settled in less than 1 min for 2°C temperature jumps. The control system was built around the Arduino digital platform.
Macroscopic TRPM8 Currents-Pulse protocols used a holding potential of Ϫ60 mV for macroscopic current relaxation experiments, followed by a test pulse to different voltage steps from Ϫ160 to 300 or 500 mV in 10-or 20-mV increments, separated by intervals of 2 s, and ending with a voltage pulse of 100 mV. The duration of each episode was variable, due to the need to find a steady state current at each voltage. Consequently, when the voltage increased, the duration of episode diminished. The tail current, I tail (V), amplitude was determined by fitting each trace of the current obtained at ϩ100 mV to a double exponential function and extrapolating to time 0. It was normalized by making the ratio between I tail (V) and the maximum tail current obtained at a given temperature, I max(T) . The resulting I tail (V)/I max(T) versus voltage data were fitted to a isothermal Boltzmann function as shown in Equation 1,
where z is the apparent number of gating charges, and F, R, and T have their usual meanings. Nonstationary Noise Analysis-To determine the absolute P o (V) curves at different temperatures, we needed to determine the absolute open probability at a given voltage so as to scale the entire I tail (V)/I max(t) plot obtained as described above. We used a nonstationary fluctuation analysis (21, 22) by calculating the average and variance of isochrones from 200 current relaxation traces in response to a 260-mV voltage pulse. The single channel current (i) and the number of channels (N) in the patch were established by nonlinear curve fitting to the current variance, 2 , versus average current ͗I͘ with the following Equation 2,
The maximum absolute P o (P o, max ) at 260 mV was calculated from the maximum mean current recorded (͗I͘ max ) divided by the mean current expected if all the channels present in the patch were open as shown in Equation 3 ,
Current variance and means were calculated with the analysis software, which corrects for current rundown during the experiments (26, 27) .
Limiting Slope-For limiting slope experiments, macropatches containing hundreds of channels were used. The number of channels, N, in the patch and the unitary current, i, were measured through a nonstationary noise analysis of current recorded in response to 100 pulses of 260 mV from Ϫ50 mV holding potential. After channel counting, membrane current was acquired for 2-10 s at V m values ranging from ϩ80 to Ϫ250 mV. This procedure was repeated for the different temperatures tested.
To determine the open channel probability, we generated all-point histograms of the number of times a given current was observed. The ordinate values of the histogram were divided by the integral over the membrane current axis, I, so as to obtain the probability density function, PDF. Assuming that a maximum of nine channels can be open simultaneously, the theoretical PDF was constructed as a sum of 10 normal distributions over the current axis shown in Equation 4 ,
where k is the number of simultaneous open channels, and i is the unitary current. Therefore, each normal distribution was centered at the expected current level, ki, with a variance (28 -30) . To improve the fit, we replaced the normal distribution corresponding to the zero current level with a skewed normal distribution (31, 32) defined by parameters , , ␣, as shown in Equation 6 ,
The introduction of the skewed normal distribution resulted in a better overall fit and linear voltage dependence of the calculated single channel current. Relaxation Kinetics-The deactivation process was characterized over a wide range of voltage and temperature. One of the problems with previous TRPM8 channel deactivation analyses was that the time course of deactivation was too fast to be adequately followed when current signals were filtered at 2 kHz (2) . In this study, we have overcome this limitation by using the macropatch technique and by filtering within the 20 -40-kHz range. Fig. 1 shows that the time course of the deactivation current (black current trace) can be distinguished reasonably well from the capacitive transient (red current trace) even at the highest temperature used (i.e. 30°C) and at very negative voltages (Ϫ260 mV). The time constant that described the time course of the capacitive current was, in this case, about six times 
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faster than the time constant of the TRPM8 deactivation current exponential decay (32 s).
Cole-Moore Shift Analysis-The initial lag of the ionic currents reflects the early transitions of the activation pathway. A large hyperpolarizing prepulse would populate closed states further removed from the open state, which would result in a longer lag in activation. Thus, under this principle, we applied the classical Cole-Moore protocol (33) . The cell membrane was hyperpolarized to various potentials (from Ϫ200 to Ϫ40 mV) for 100 ms, and immediately thereafter, the current record was tested with a 12-ms depolarizing pulse to 260 mV. Time delay was evaluated by fitting each curve to the following Equation 7,
where I max is the maximum current obtained in the experiment; t is time; d is the delay; and is the activation time constant. The fit is performed for t Ͼ 3d. This procedure was repeated at different temperatures.
RESULTS
Voltage and Temperature Dependence of Steady State Activation-To determine the extent of coupling between temperature and voltage activation in TRPM8, we first measured the tail current-voltage I tail (V) relationships within a wide range of voltage. One of the problems with previous tail current measurements was the very fast TRPM8 channel deactivation at negative voltages, which made the determination of I tail (V) curves at high temperatures uncertain (2) . We addressed this problem by measuring tail currents at 100 mV to ensure that the tail currents were reliably recorded ( Fig. 2A ). We also extended the voltage range up to 500 mV to reach the maximum tail current at each of the temperatures tested (I max(T) ). Fig. 2B shows a family of I tail (V)/I max(T) curves taken within the 10 -30°C range fitted to isothermal Boltzmann functions (see Equation 1 under "Experimental Procedures"). Lowering the temperature caused the I tail (V)/I max(T) relationship to shift to the left along the voltage axis. In the temperature range studied, the half-activation voltage, V 0.5 , varied from 92 mV at 10°C to 1). C and D, V 0.5 and z versus temperature, obtained from the Boltzmann fits for all the temperatures tested. Error bars are standard deviations of V 0.5 or z as reported by the SigmaPlot 10 nonlinear curve fit procedure. Red line in C is a third order polynomial function and in D it is a second order polynomial function. E, zFV 0.5 ϭ ⌬G 0 versus temperature obtained from data in C and D. Solid red line is a third order polynomial function. From linear regression to data in the temperature interval 10°C Յ T Յ 25°C, ⌬S and ⌬H values were calculated as Ϫ117 cal mol Ϫ1 K Ϫ1 and Ϫ32.0 kcal mol Ϫ1 , respectively. 220 mV at 30°C. What is apparent is that V 0.5 saturates at temperatures lower than 12°C and higher than 27°C (Fig. 2C ). The observation that V 0.5 saturates at low and high temperatures is incompatible with gating models in which the temperature sensor is strictly coupled to the pore opening (10, 13) . In addition, we noted that z is also a function of temperature, decreasing for both high and low temperatures with a maximum being at about 17°C (z ϭ 0.62 Ϯ 0.01; n ϭ 12) ( Fig. 2D ). This is a characteristic of the allosteric models, as observed previously on the BK channel where z depends on calcium concentration, decreasing at low and high calcium concentration (34, 35) . A shift to the left of the I tail (V)/I max(T) relationship with decreasing temperature implies that the TRPM8 channel opening reaction produces a negative entropy change (36) . This entropy can be calculated from the slope of the rectilinear part of ⌬G 0 ϭ zFV 0.5 versus T plot, which would be Ϫ122 cal mol Ϫ1 K Ϫ1 (Fig.  2E ).
Voltage Is a Partial Activator of TRPM8 -To determine the absolute P o (V) curves at each of the temperatures tested, we first carried out nonstationary noise analysis of the TRPM8 current fluctuations. Fig. 3 , A and B, shows 200 superimposed current records obtained by applying a 260-mV pulse at 10 and 30°C. Fig. 3 , C and D, display the variance ( 2 ) as a function of the mean current (͗I͘) calculated from the current records shown in Fig. 3 , A and B. Single channel current (i), number of channels in the patch (N), and absolute P o at 260 mV were obtained from nonlinear curve fitting by using Equations 2 and 3 (see "Experimental Procedures"). The parabolas described by red lines in Fig. 3 , C and D, were drawn according to Equation 2. At 260 mV and 10°C, i ϭ 20 pA, N ϭ 1431 channels, and P o, max is 0.91 ( Fig. 3C ). However, at 260 mV and 30°C, i ϭ 30 pA, N ϭ 1452 channels, and P o, max ϭ 0.41 (Fig. 3D ). As expected, it was possible to observe that the unitary current increases and the P o, max value decreases as temperatures rise. Single channel current measured at 260 mV was essentially linear over temperatures from 10 to 30°C (Fig. 3E) . A fit of unitary current to the Arrhenius equation gave an enthalpy change of 6.3 Ϯ 1.0 kcal mol Ϫ1 , and in the temperature range tested the Q 10 was 1.4. This value is close to that obtained for the Na ϩ channel (37) (Q 10 ϭ 1.35) or Kv channels (38) (Q 10 ϭ 1.44). The P o, max value determined for each temperature at 260 mV by nonstationary noise analysis is plotted in Fig. 3F . A family of absolute P o (V) curves at different temperatures was obtained by scaling I tail (V)/I max(T) data to the P o, max determined at 260 mV for each temperature through the nonstationary noise analysis (Fig. 3G ).
Simple inspection of this figure shows that voltage is a partial activator of TRPM8, showing that P o, max is only 0.55 at high temperatures (30°C) (Fig. 3H ). Partial activation of the TRPM8 channel by voltage would be expected if the opening reaction is voltage-independent (see below).
Temperature Alone Is Able to Open TRPM8 Channels-Voltage sensors should be in their resting configuration at a large enough negative voltage, even at low temperatures. The allosteric model predicts that under this extreme condition, TRPM8 channels can open in a temperature-dependent manner through direct interaction between temperature sensors and channel gate. To test this prediction, we quantified open channel probability at very negative voltages. Because open probability at negative voltages is expected to be low, we used patches that contain several hundreds of channels and analyzed stationary noise. Fig. 4A shows the current recorded at 15°C for Ϫ150 and Ϫ200 mV from a patch containing 504 channels. Few simultaneous opening events caused the current trace to fluctuate downward from zero current level marked with a short dash on the left of Fig. 4A . We computed the PDF of the current from all-point histograms of current traces. The computed PDF did not show individual channel opening events due to the very fast kinetics of TRPM8 channels at negative potentials and to the cutoff frequency of the data acquisition low pass analog filter (10 kHz A, samples of current recorded from a patch containing ϳ500 TRPM8 channels at Ϫ150 and Ϫ200 mV at 15°C. Channel openings are seen as brief downward deflections. Current data stream analogically filtered with a 8-pole Bessel filter tuned for a Ϫ3 db attenuation at 10 kHz, and it was digitized at a rate of 5 s per point. B, normalized all-point histograms of current records taken at Ϫ150 and Ϫ200 mV lasting 2 s are shown in semi-log plots. Red lines drawn over the histograms are fits to the Poisson convolved with a Gaussian distribution (see "Experimental Procedures"), which allows us to retrieve the NP o value for each holding voltage. C, unitary current obtained from the Gaussian-convolved Poisson fit to the all-point histograms shown in B. Unitary conductance for this particular experiment (15°C) was equal to 55 Ϯ 3.9 pS from linear regression (solid line). D, absolute P o versus voltage curves for five temperatures, compiled for a set of 3-5 patches at each temperature. For log 10 P o Ͻ Ϫ2, P o was calculated from NP o determined using stationary current noise analysis, and N was calculated from nonstationary noise analysis. Data for log 10 P o Ͼ Ϫ2 were obtained from instantaneous tail currents and corrected for the maximum P o measured at 260 mV through nonstationary noise analysis. Solid lines are fits to a modified Boltzmann function: 4 . P min values are 1.1 ϫ 10 Ϫ3 at 10°C, 3.1 ϫ 10 Ϫ4 at 15°C, 4.3 ϫ 10 Ϫ5 at 20°C, 2.6 ϫ 10 Ϫ5 at 25°C, and 9.3 ϫ 10 Ϫ6 at 28°C. Inset, ln(P o, min ) versus 1/T. Because P o, min Ͻ Ͻ1, we can approximate K eq Ϸ P o, min . Red straight line corresponds to ⌬H ϭ Ϫ45.9 kcal mol Ϫ1 for the opening reaction only through temperature sensor activation. DECEMBER 19, 2014 • VOLUME 289 • NUMBER 51 conditions, we described each discrete current level as bellshaped distributions, and we scaled the expected contribution to the PDF according to the Poisson distribution (see under "Experimental Procedures"), which is only a function of the parameter NP o (Fig. 4B) (35, 39) . By means of a nonlinear fit to Equation 4 to the all-point histogram, absolute P o was calculated at the different applied voltages from NP o taken from the histogram analysis, and the number of channels in the patch was determined by means of a nonstationary noise analysis. Single channel currents were also obtained from current histogram analysis. Fig. 4C shows that single channel current is a linear function of voltage and that single channel conductance results in 55 Ϯ 3.9 pS. This conductance is lower than the 75 pS expected from the single channel currents measured at 260 mV ( Fig. 3E ).
TRPM8 Channel Gating Mechanism
Several single channel recordings and macroscopic recordings were averaged to construct the logP o (V) plots shown in Fig.  4D . The important conclusion of this analysis is that P o becomes voltage-independent at extreme negative voltages. We recall here that in voltage-dependent channels like, for example, Kv or Nav, the logP o (V) relationship becomes linear and reaches a maximum slope (limiting slope) at very low probabilities (40, 41) . This is the type of behavior expected for any kinetic model in which the voltage-dependent step(s) are prior to the closed-open transition and from models of any number of open states, if there is no charge movement between them (42, 43) . In such cases the limiting slope is given by Equation 8 ,
where ze 0 is the voltage sensor charge effectively coupled to channel activation, and k is the Boltzmann constant. The TRPM8 channel departs from this behavior; it reaches a maximum slope of about 0.65 at P o ϳ0.1, but at 25°C and when P o is lower than 10 Ϫ4 , for example, P o becomes essentially voltageindependent ( Fig. 4D ). This limiting slope behavior (albeit at different P o values) is similar at other temperatures tested. This observation further supports an allosteric mechanism for the voltage-dependent activation of the TRPM8 channel. Allosteric models of the type we propose here have been shown to explain most of the behavior of the voltage-and Ca 2ϩ -activated channel of large conductance (BK). However, the data shown in Fig.  4D are clear evidence that, unlike the BK channel, the TRPM8 opening is essentially voltage-independent. The allosteric model also predicts that, under these extreme negative voltage conditions, TRPM8 channels can open in a temperature-dependent manner only through direct interaction between temperature sensors and channel gate. Fig. 4D shows that at negative voltage P o is highly sensitive to temperature (P o increases from 4.3 ϫ 10 Ϫ5 at 20°C to 1.1 ϫ 10 Ϫ3 at 10°C) with a Q 10 of 25. This result indicates that low temperature alone has a strong effect on channel opening, even with all voltage sensors in their resting state. We note here that at voltages in which all voltage sensors are at rest, a plot of lnP o versus 1/T allows us to calculate the enthalpy change that controls channel opening. The inset of Fig. 4D shows that the lnP o is a linear function of 1/T with a ⌬H ϭ Ϫ46 kcal mol Ϫ1 . More importantly, the data indicate that ⌬H is independent of temperature.
Voltage and Temperature Dependence of the Delay in Ionic Current Activation- Fig. 5A shows TRPM8 ionic currents (I i ) evoked in response to a 10-ms pulse to 200 mV and elicited from 100-ms prepulse potentials from Ϫ200 to Ϫ40 mV at 20°C. The time course of activation is well fit by an exponential function (Fig. 5A) . A similar exponential kinetics was observed over a wide range of voltages and temperatures (2, 8) . However, closer inspection of the results revealed that exponential activation of the ionic currents was preceded by a brief delay (Fig.  5B ). Fig. 5B shows the initial time course of the ionic current activation in response to a voltage pulse of 200 mV, when the prepulses are Ϫ40 and Ϫ200 mV on an expanded time scale. As in HEK cells (13) , when the holding voltage is Ϫ200 mV, I i in Xenopus oocytes shows a delay of about 200 s before the current begins to increase and achieve an exponential time course. Although this delay is brief compared with the subsequent relaxation of I i , it is inconsistent with the two-state gating scheme and suggests that TRPM8 channels undergo several transitions among closed states before opening. The onset of TRPM8 I i can be delayed by hyperpolarizing prepulses (cf.
Ϫ200 and Ϫ40-mV prepulses in Fig. 5 , B and C), suggesting that hyperpolarization brings the channel to deeper voltage-dependent closed states (the Cole-Moore shift (33)). Fig. 5C shows that current delay is a decreasing monotonic function of voltage and that it has weak temperature dependence. The slight temperature dependence observed for the initial delay of I i (Q 10 ϭ 1.2) indicates that the reactions governing early voltage-dependent transitions have a very weak temperature dependence. Furthermore, given the relatively large change in P o at 200 mV between 25 and 15°C (Fig. 3G ), this result strongly suggests that these voltage-dependent reactions are temperature-independent, which is incompatible with models where the voltage and temperature sensors are strictly coupled.
Voltage and Temperature Dependence of I i Relaxation-In response to a voltage step, I i activates with an exponential time course after a brief delay (Fig. 5B ). We have characterized the ratelimiting step of TRPM8 channel activation kinetics by fitting the I i time course in response to a voltage step with a single exponential function (Fig. 6A ) within a wide range of voltages and at different temperatures (Fig. 6B ). Because the activation process appears to be limited by one main step, activation rates were estimated from the inverse of a (I i ), and Arrhenius plots were constructed by plotting 1/ a (I i ) versus 1/T and fitted with Equation 9 (Fig. 6C) ,
where ⌬H* is the activation enthalpy; ⌬S* the activation entropy, and is the pre-exponential frequency factor of the rate (10 6 s Ϫ1 ) (44) . In line with previous data (2, 8) , we found that ⌬H* ϭ 5.2 kcal mol Ϫ1 , which is a value corresponding to Q 10 ϭ 1.3. Also in agreement with previous results (2, 8) , this value indicates that the activation kinetics has a slight temperature dependence and that the high temperature dependence of P o does not reside in the rate-limiting step that controls channel activation. In addition, ⌬H* was found to be voltage-indepen-dent in the voltage range of 240 -340 mV, and in the temperature range from 10 to 30°C (Fig. 6C ).
The deactivation process was also studied within a wide range of voltages and temperatures ( Fig. 7A) . At most voltages and temperatures tested here, we found that a bi-exponential function is needed to describe the deactivation process. However, at 30°C, the time course of the deactivation process was well described by using two exponentials only at positive voltages; the amplitude of the slow component was too small to be measured at V Ͻ50 mV (Fig. 7C) . The time constant of the slow component was 5-10 times longer than the fast time constant for all voltages and temperatures tested. Fig. 7B shows that both components of the deactivation current relaxation were voltage-dependent and that the peak of the d (I i ) Ϫ V curves was shifted to the left along the voltage axis as temperature decreased. The leftward shift reached about 80 mV when the temperature fell from 20 to 10°C, which resembles the leftward shift of the I tail (V)/I max(T) curve when temperature decreases by 10°C in the same temperature range (Fig. 2, B and C) .
Regarding the slow component, these data are consistent with those reported previously (2) . However, in the case of Voets et al. (8) , the fast component was not detected. Probably because Brauchi et al. (2) filtered the current records at 2 kHz, they concluded that the fast deactivation component was voltage-and temperature-independent. Another feature of these data that is important to mention here is that ln(1/) versus 1/T plots are parallel for high negative voltages, thus implying a lack of voltage dependence for the activation enthalpies in both activation and deactivation processes (see Fig. 7 , D and E, and under "Discussion"). Activation enthalpy for the fast and slow components of TRPM8 deactivation at Ϫ240 mV were 27.2 and 30.8 kcal mol Ϫ1 , respectively, as calculated from the Arrhenius plots, within the 10 -20°C temperature range (Fig. 7, D and E) . These enthalpies correspond to Q 10 values of 5.2 and 6.4, respectively, thereby indicating that temperature sensitivity of the TRPM8 channels resides in the deactivation process. A double exponential time course for the deactivation is predicted in a C-C-O kinetic scheme, in which the forward rate in the C-O transition is different from zero (45) . We can quantitatively demonstrate that TRPM8 temperature dependence completely resides in the deactivation process by assuming that the closed-open transition corresponds to fast relaxation and that the close-close transition is related to a slow relaxation of the deactivation time course shown in Scheme 1. DECEMBER 19, 2014 • VOLUME 289 • NUMBER 51
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For this type of model, it can be shown that the Q 10 of the TRPM8 deactivation process Q 10(deact) is given by Equation 10 (see Appendices A and B and Equation B11),
Considering the Q 10 of the slow and fast deactivation processes given above, the total Q 10 of the deactivation currents is 5.2 ϫ 6.4 ϭ 33.3. Because the Q 10 for the activation process is 1.3, then the Q 10 of the overall equilibrium (see Appendix A and Equation B11) is 33.3/1.3 ϭ 25.6. Single channel Q 10 is 1.4 ( Fig.  2E ), but the single channel current increases as temperatures increase. Therefore, the current temperature coefficient of the current carried by TRPM8 is 25.6/1.4 ϭ 18.2, which is close to the Q 10 ϭ 23.8 value that was determined from current-temperature plots (2) . The justification for using this simple kinetic scheme in terms of complex allosteric models is provided under "Discussion."
DISCUSSION
The fact that TRPM8 knock-out animals show a near-complete loss of cold sensitivity underscores the importance of this channel in both innocuous and noxious cold sensation in vivo (46, 47) . Besides temperature and voltage, TRPM8 is activated by phosphatidylinositol 4,5-bisphosphate and a variety of the so-called cooling agents, such as menthol, because of their property of inducing a cold sensation (5-7, 48, 49). Because of its physiological importance, the gating of this channel has been studied in some detail, but there are still some divergences regarding how temperature, voltage, and agonist effects are coupled to the channel gate (2, 8, 10, 13, 14, 50, 51) . One of the main problems that have prevented us from reaching an agreement in this regard has been the goodness of the data reported before (2) . We note here that the present data do not have the previous experimental caveats (2) , which were criticized by Voets et al. (10) . Moreover, even for the most demanding experimental conditions (e.g. high temperatures and negative voltages), we were able to determine the relaxation time constants free of artifacts due to the fast voltage clamp speed enabled by the low resistance pipettes used to make the macropatches ( Fig. 1) .
Analysis of single channel gating kinetics indicates that TRPM8 enters a minimum of at least five closed states and two open states (52) . A seven-state kinetic model was able to account for TRPM8 channel voltage dependence at two different temperatures. Those result led the authors to conclude that depolarization and cooling accelerate forward transitions between the same set of two adjacent closed states. This model is at odds with the results presented here, which show that temperature can activate the channel when all voltage sensors are at rest, that voltage-dependent transitions are weakly sensitive to temperature, and that voltage is a partial activator of TRPM8.
Our data indicate that an allosteric model (2, 13, 14, 34, 39) would be more appropriate to explain TRPM8 gating kinetics. This kind of model is based on the idea that voltage and temperature sensors are structurally different modules that can act independently from one another. The results that best support this idea for TRPM8 gating are the saturation of V 0.5 at extreme low and high temperatures (Fig. 2C ) and the voltage-indepen- (Figs. 3, G and H, and 4E) . In particular, these results rule out kinetic models in which temperature and/or voltage activation is strictly coupled to the pore opening. This includes linear models with many open and closed states and Monod-Wyman-Changeaux with voltage-or temperature-dependent central transitions. In this context, Brauchi et al. (2) as well as Matta and Ahern (14) made the simplifying assumption that there would only be one voltage sensor and one temperature sensor giving rise to a dual allosteric coupling model (Fig. 8A) . In particular, the dual allosteric coupling model proved to be most helpful in explaining the experimental results with the proviso that temperature sensors activate in an orchestrated manner, although there is a lack of a detailed knowledge regarding the number temperature sensors. However, this model is incompatible with the following: (a) single channel data suggesting the existence of a minimum of five closed states and two open states (52); (b) voltage-dependent delay of I i activation (Fig. 5); and (c) double exponential time course of the channel deactivation process (Fig. 7 ). Additionally this model failed to give an adequate fit to the P o (V) (Fig. 8, B and C) .
Based on the tetrameric organization of TRPM8 channels, the observation that positive charges in the fourth transmembrane domain (S4) and in the S4-S5 linker are involved in sensing changes in the electric field and that there is a large number of closed states at 30°C (51) (52) (53) (54) , it is possible to hypothesize that there are four voltage sensors and four temperature sensors. This type of model is based on the two-tiered allosteric model (also known as the H-A model) proposed for the Ca 2ϩand voltage-activated K ϩ (BK) channel (Fig. 8D) (39, 55, 56) . Despite the fact that steady state description of these two models has eight free parameters, the squared sum of residuals is less for the H-A model, supporting the hypothesis of having four independent voltage and temperature sensors (Fig. 8, A-C) .
However, the two-tiered allosteric model considers that the opening reaction proceeds in a single step, which predicts a DECEMBER 19, 2014 • VOLUME 289 • NUMBER 51 single-exponential relaxation of I i (39, 55) . The temperaturedependent double exponential decay of the TRPM8 channel deactivation that we report on here forced us to modify the two-tiered model so as to include an intermediate tier of closed states, which makes the opening reaction a two-step process (Fig. 9A) . The resulting allosteric model accounts for all the experimental data presented here, including the double exponential time course of the I i deactivation. By grouping each of the three different tiers into one state, the complex model can be transformed into a C-C-O scheme ( Fig. 9 ; see also Appendix A). This transformation is only acceptable for the limit in which the transition among states within the same tier is very fast and is considered to be in equilibrium with respect to the inter-tier transitions. This assumption is the same as what was predicted for the monoexponential relaxation of the two-tiered allosteric model. For the three-tiered allosteric model in Fig. 9 , the open probability (P o ) is given by Equation 11 ,
TRPM8 Channel Gating Mechanism
We performed a global fit to the steady state and kinetic data using the equations derived for the three-tiered allosteric model ( Fig. 10 ; see also Appendix A). In Fig. 10, A and B , we can appreciate that the model accounts for the experimental observation that voltage cannot fully activate TRPM8 and that temperature alone activates TRPM8 at high negative voltages. The three-tiered allosteric model can also account for Po behavior at all the temperatures tested within the whole range of applied voltages, and it can fit the kinetic data reasonably well (Fig. 10, C  and D) . The similar shapes of the d (I i ) Ϫ V relationships at low or high temperatures are also predicted by the allosteric model. The allosteric model presently used considers, as it has been previously, that both ⌬H and ⌬S are independent of temperature. This assumption has been challenged by Clapham and Miller (57) , who hypothesized that, in general, thermoTRP channel gating may be accompanied by large changes in molar heat capacity (⌬C p ). However, there is at present no evidence that thermoTRP channel gating involves large changes in ⌬C p . On the contrary, the behavior of the lnP o (1/T) (see inset Fig.  4D ) rather suggests that ⌬H and ⌬S are independent of temperature within the temperature range we have explored. More- E is an allosteric factor describing the interaction factor between the voltage sensor and temperature sensor. B, pore conformations C1, C2, and O consist of a set of sub-states grouped in three levels (tiers). Sub-states of each level are labeled with two indexes i and j (for example C0 ij ), which represent the possible combination of activated sensors, being i and j the number (0, 1, 2, 3, 4) of active voltage and temperature sensors, respectively. For clarity, only extreme sub-states are shown. Red and cyan arrows parallel to each level represent the direction of voltageand cold-driven activation, respectively. Vertical dashed arrows represent the different transition pathways between corresponding sub-states of each tier. For instance, in the absence of active sensors, the opposing rate constants 0 and 0 determine the equilibrium constant M, whereas ␥ 0 and ␦ 0 are the corresponding rate constants for L. Active voltage and temperature sensors shift the C0-C1 and C1-O equilibria by increasing the forward reaction and by decreasing the backward reaction. This is depicted with solid arrows of different widths representing the magnitude of each rate constant for the C0-C1 transitions. The same principle applies to the C1-O transitions (not shown for clarity). C, detailed view of the C0 level emphasizing all the combinations of active voltage and temperature sensors (black dots). Double pointing red arrows are voltage-dependent equilibrium constants between states with no active temperature sensors. Conversely, double-pointing cyan arrows are temperature-dependent equilibrium constants between states with no active voltage sensors. Assuming that voltage sensors move independently, the equilibrium constants for the successive steps are 4J, 3/2J, 2/3J, and 1/4J. The same progression applies for the four temperature sensors. Each sub-state of the C0 level has an associated rate for transit to the corresponding sub-state in the C1 level, and vice versa, which are represented by downward and upward black arrows. The magnitude of each rate depends on the number of active voltage and temperature sensors. Allosteric factors applied to the equilibrium constants have to be split into two allosteric factors to be applied to the corresponding rate constants (e.g. D is split into d 1 and d Ϫ1 ). The four relations enclosed within the gray box (bottom left) are required to enforce the principle of detailed balance. In particular, for any ij combination of voltage and temperature sensors, the downward rate constant is 0 multiplied by d 1 i c 1 j . The equilibrium and rate constants for the remaining sub-states are omitted for clarity. D, assuming equilibrium within each level (C0, C1, O), one can condense the whole tier in one state giving rise to a simple C0-C1-O three-state model. Four voltage-and temperature-dependent rate constants , , ␥, and ␦ can be calculated as the weighted contribution of every sub-state in each tier, according to their corresponding probability, pC0 ij , pC1 ij , and pO ij (see "Appendix A"). The corresponding voltage-and temperature-dependent equilibrium constants K1 and K2 derived from the condensed scheme C0-C1-O are determined by the rate constants as noted in the figure. DECEMBER 19, 2014 • VOLUME 289 • NUMBER 51
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over, there is no experimental evidence that thermoTRP channels can normally switch from cold receptors to heat receptors or vice versa (there is a lack of parabolic van't Hoff plots for channel activation) despite the fact they have been tested in a wide temperature range (2, 8, 9, 14, 19, 58) . More recently, Chowdhury et al. (59) by introducing amino acid residues of different polarities at sites undergoing state-dependent changes were able to confer temperature sensitivity to a voltage-dependent channel. These results were interpreted on the same basis as those proposed by Clapham and Miller (57) . However, without a direct demonstration of C p changes, these results can be also explained by large negative or positive enthalpy changes.
It is interesting to note that the effect of temperature on the deactivation time constants (Fig. 6) is predicted by the threetiered allosteric model as an indirect effect of temperature on the pore opening transitions. In this context, the activation of temperature sensors upon cooling results in the redistribution of populations of states within the different levels toward the subset of states that are more likely to lead to the open pore conformation due to the allosteric factors C and G (Fig. 7) . The way in which allosteric factors C and G alter the C0-C1 and C1-0 equilibria can either be by increasing the forward rate or by decreasing the backward rate in those transitions. The increase in both relaxation time constants with cold temperatures ( Fig. 6) indicates that the main effect of allosteric factors C and G is to decrease the backward rates ( Fig. 9, legend) .
Although we do not currently have a detailed structure for the TRPM8 channel, it is tempting to suggest that the gating mechanisms in different thermoTRP channels are similar and that allosteric models of the type we propose here can be used to explain the gating mechanisms of other polymodal receptors such as TRPV1 or TRPA1. Moreover, it is appealing to hypothesize that the fact that TRPM8 opening proceeds in two steps (C-C-O) may indicate the presence of two gates controlled by stimuli, as revealed by the recently resolved structure of the TRPV1 channel (60) .
We must account for the detection of cold by the TRPM8 channel on free nerve endings on the skin. Assuming a resting potential of Ϫ60 mV and an input resistance of 50 megohms, it takes a current of 200 pA to depolarize the terminal to Ϫ50 mV, activate voltage-dependent Na ϩ channels, and fire action potentials. Because the single channel conductance of TRPM8 is 55 pS, the single channel current at Ϫ60 mV would be 3.3 pA, and therefore, 60 open TRPM8 channels are needed to depolarize the terminal. According to our results, a temperature change from 30 to 10°C raises the TRPM8 open channel probability from ϳ10 Ϫ5 to ϳ10 Ϫ2 . Consequently, to have 60 open channels, the free nerve ending must have ϳ600 TRPM8 channels. This is a reasonable channel number based on TRPM8 activation on Xenopus oocyte membranes. Given that V 0.5 is shifted to the right in these membranes, as compared with mammalian cells (2), the number of TRPM8 channels needed to detect cold may be less.
APPENDIX A
The model we have developed is an extension of the twotiered allosteric model (34, 55) , and it is illustrated in Fig. 9 . The equilibrium constants of the two opening steps L and M are assumed to be temperature-independent, and equilibria are affected by allosteric interactions between the four voltage sensors and four temperature sensors. Each sensor has two states (i.e. resting and active). Therefore, there are 25 different combinations of active voltage and temperature sensor for each pore configuration (C0, C1, O). For instance in the C0 level, the sub-state C0 ij has "i" active voltage sensors and "j" active temperature sensors, where i,j ϭ 0, 1, 2, 3, 4. In the same way, closed state C1 and open state O also have 25 different configurations.
The equilibrium constant governing one individual voltage sensor, J(V), is a function of membrane potential, V, which is defined as shown in Equation A1 ,
where z is the valence of the gating charge; F is the Faraday constant; R is the universal gas constant, and T is the absolute temperature.
The voltage sensor activates on membrane depolarization.
In the same way, the equilibrium constant for one individual temperature sensor, K(T), being only a function of temperature is defined as shown in Equation A2,
where ⌬H is enthalpy change associated with sensor activation; R is the universal gas constant, and T is the absolute temperature. If ⌬H Ͻ 0,
The temperature sensor activates when temperature is lower than T 0 , thus being a cold sensor. The easiest way to describe the probability distribution of sub-states within a level is by using the corresponding partition function. By using C0 00 as the reference state, the partition function for the C0 level can be expressed as shown in Equation A3,
Following the same reasoning line, the partition functions for the C1 and O levels are shown in Equations A4 and A5, respectively,
The probability distribution of the sub-states within C1 and O levels is calculated as done for the C0 level. These distributions are used to calculate the rate constants governing the inter-level transitions, assuming rapid equilibrium among sub-states within each level.
Considering that C0 and C1 partition functions are referred to as the C0 00 and C1 00 sub-states, respectively, and recalling that L represents the ratio C1 00 /C1 00 , the ratio between C1 and C0 populations can then be defined shown in Equation A6,
and similarly,
The last two equations are equivalent expressions to equilibrium constants for the condensed model in Fig. 9 . Even though the K1 and K2 ratios are complex functions of voltage and temperature due to J(V) and K(T), it is easy to show that for extreme cases with full active or full resting voltage sensors (J Ͼ Ͼ 1 or J Ͻ Ͻ 1, respectively) and full active or full resting temperature sensors (K Ͼ Ͼ 1 or K Ͻ Ͻ 1, respectively), K1 and K2 become voltage-and temperature-independent.
Kinetic Equations-To model the kinetics of the C0-C1-O process, we assumed that the C0-C1 and C1-O transitions are slow compared with the distribution of states within each level of the three-tiered scheme in Fig. 9, B and C. This assumption allows us to condense the complete model into Scheme 1, defined above ( Fig. 9 ). Following Cox et al. (55) , the rate constant for the transition from the C0 level to the C1 level is the sum of the rate constant of every transition of one sub-state in the C0 level to the corresponding sub-state in the C1 level, each weighed by their probability with regards to the C0 level. This is shown in Equation A8 ,
The equilibrium constant L has to be split into two rate constants as follows: a rate constant 0 for the forward reaction and a rate constant 0 for the backward reaction, such that L ϭ 0 / 0 . In addition, the allosteric constants that modify L (i.e. C and D) must also be split into two parts. This can be done by defining kinetic allosteric factors, one for multiplying the forward rate 0 and one for multiplying the backward rate 0 as shown in Equation A9,
This way, the rate constant defining the C0-C1 transition of a channel with i active voltage sensors and j active temperature sensors is shown in Equation A10,
Combining Equations A8 and A10 we obtain for an ensemble of channels Equation A11,
Each term in the expanded expression of Equation A3 represents the population ratio of any C0 sub-state (C0 ij ) with respect to the C0 00 sub-state. For instance, the first term ("1") in the partition function of the C0 level represents the population ratio of C0 00 , and therefore, the probability of this state with respect to the C0 level (i.e. pC0 00 ) is calculated as Equation A12,
For the sake of clarity, the last term in the expanded expression of Equation A4 (i.e. J 4 K 4 E 4 ) corresponds to the C0 44 sub-state, and therefore we get Equation A13, TRPM8 Channel Gating Mechanism DECEMBER We note here that the above description is under the assumption that there are four independent voltage sensors and four independent temperature sensors. For instance, the above equations can be derived for the general case in which the number of voltage and temperature sensors (i and j, respectively) are both equal to n. In that case, the only difference is that the fourth power in Equations A3 to A17, must be replaced by the nth power. It is also necessary to note that the model assumes that temperature and voltage sensors can only interact through interaction factor E for temperature and voltage sensors belonging to the same subunit (34) .
APPENDIX B
Temperature Coefficient for the TRPM8 Macroscopic Current-As we have already discussed, the three-tiered model can be reduced to Scheme 1. For this kinetic scheme, the open probability as a function of temperature and at a constant voltage, P 0(T) , is given in terms of the equilibrium constants defined in Equations A6 and A7, by Equation B1,
(Eq. B1) P o(T) is very low at large negative voltages (Ͻ10 Ϫ3 ), indicating that equilibrium is displaced toward C 0 , K 1 Ͻ Ͻ 1. Therefore, Equation B1 can be approximated to Equation B2,
Recalling that (Equation B3),
where I (T) is the temperature-dependent macroscopic ionic current; i (T) is the single-channel current, and N is the number of channels. The temperature coefficient of the macroscopic current (Q 10(I) ) combines the temperature coefficient of the single channel current Q 10(i) By combining Equations B2 and B4 we have the temperature coefficient for the limit of very low open channel probability as shown in Equation B5 ,
Temperature Coefficient of the Time Constants-Experimental observations indicate that the deactivation process can be described using a double exponential function with time constants fast and slow . Deactivation drives the equilibrium from state O to state C 1 and eventually to state C 0 in Scheme 1. Assuming that fast Ͻ Ͻ slow , the probability C 0 can be taken as a constant during the initial times of relaxation. Therefore, the fast relaxation time constant is shown in Equation B6, fast ϭ ͑␥ ϩ ␦͒ Ϫ1 (Eq. B6) Equation B6 allows us to define a Q 10 for the fast process as the temperature coefficient of the deactivation rate, which is the reciprocal value of the measured time constants shown in Equation B7,
However, during the slow deactivation process we can assume that the transition C 1 -O in Scheme 1 is in equilibrium with respect to the C 0 -C 1 transition. Therefore, the slow time constant of open state decay will be equal to the time constant of the C 0 state buildup. The differential equation describing this process is shown in Equation B8 ,
If P o is very low at the end of the relaxation, one can assume that Ͻ Ͻ . The time constant of the slow relaxation time is therefore shown in Equation B9, 
shows that the product of the Q 10 of the deactivation rates (the reciprocal value of the measured time con-stants) is the product of the Q 10 of the backward rate constants and ␦. Equation B5 can be rewritten in terms of the temperature coefficients of the rate constants shown in Equation B12,
